This study investigated the relationship of thyroxine (T4) and thyroid stimulating hormone (TSH) within normal ranges to cognitive performance in very old age. The participants (N = 200) were selected from a population-based study of nondemented persons aged 75 to 96 years (M = 83.9 years). Tasks assessing episodic memory, verbal fluency, visuospatial ability, short-term memory, and perceptual-motor speed were examined. Results indicated that T4 was unrelated to performance. However, TSH was positively related to episodic memory performance, and the effects were independent of the influence of age, level of education, and depressive mood symptoms. There was no reliable effect of TSH on verbal fluency, short-term memory, perceptual-motor speed, or visuospatial functioning. The influence of TSH on episodic memory was interpreted in terms of its potential effects on encoding and consolidation processes.
GE-related deficits in cognitive performance are well \ documented (see Kausler, 1994, and Salthouse, 1991 , for reviews), and recent research has extended these findings into very late adulthood (e.g., Johansson, Zarit, & Berg, 1993; Wahlin et al., 1993) . In recent years, there has been increasing interest in the role of various health-related variables for cognitive functioning in aging (e.g., Earles & Salthouse, 1995; Hultsch, Hammer, & Small, 1993; Wahlin, Hill, Winblad, & Backman, 1996) . In the present study, we examined the relationship of the two most commonly used thyroid functioning indices (i.e., thyroxine [T4] and thyroid stimulating hormone [TSH] ) to cognitive performance in very old age.
There are a number of reasons to expect a relationship between thyroid functioning and cognitive performance. For example, it has been known for many years that endocrine disturbances are associated with alterations in intellectual functioning (e.g., Bleuler, 1954) . Effects of clinical hypothyroidism include slowness in thinking, increased latency of behavioral responses, and a decrement in mood level. Hypothyroidism may further disrupt brain systems that support recent memory, concentration, and problem solving (Denicoff, Joffe, Lakshmanan, Robbins, & Rubinow, 1990; Whybrow, Prange, & Treadway, 1969) . Hyperthyroidism, on the other hand, is a clinical condition that is often accompanied by emotional lability, anxiety, restlessness, tremor, and sleep disturbance (Brown, 1980) . Even within normal ranges, thyroid functioning appears to influence behavior through normal neurophysiological adaptive mechanisms, although the available empirical evidence is sparse. In a study with younger adults, Tucker, Penland, Beckwith, and Sandstead (1984) found that hormonal levels were inversely related to performance on digit span and word fluency tasks. This influence paralleled effects on brain activation, as assessed by EEC Furthermore, administration of hormones in normal subjects has been found to result in shortened duration of the EEG response to visual stimulation (Wilson, Johnson, & Feist, 1964) , as well as negative effects on attentional processes (Kopell, Wittner, Lunde, Warrick, & Edwards, 1970) . Although the limited evidence suggests a relationship between thyroid functioning within normal ranges and cognitive performance, the direction of this relationship remains unclear. Furthermore, it is unknown whether the size of the effect varies across different cognitive abilities. Finally, studies in which this relationship has been examined in normal older adults are lacking.
The primary goal of this study was to examine the relationship between levels of TSH and T4 and cognitive functioning among healthy very old persons. Participants were assessed on a variety of cognitive tasks, including tests of episodic memory, verbal fluency, visuospatial functioning, short-term memory, and perceptual-motor speed. In sampling from these diverse domains of performance, we sought to determine whether levels of TSH and T4 were related to overall cognitive functioning, or whether only specific cognitive abilities were affected. Because we were interested in whether variations in these parameters within normal ranges would be related to cognitive performance, persons with values outside the normal reference interval, indicative of thyroid hypo-or hyperfunction, were excluded from the study.
METHOD

Participants
The present sample of very old adults, aged 75 to 96 years, was selected from a group of nondemented elderly persons (n = 376) who completed the cognitive tasks in the first wave of data collection in the ongoing Kungsholmen Project, a population survey of aging and dementia (see Fratiglioni, Viitanen, Backman, Sandman, & Winblad, 1992) .
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The study sample was selected according to a series of criteria. Subjects with a psychiatric diagnosis (e.g., major depression, psychosis, paranoia) were excluded (n = 18). In addition, we eliminated subjects prescribed with neuroleptics and/or antidepressants without having received a psychiatric diagnosis (n = 17).
Blood samples were collected in the morning on the same day as the cognitive testing. These analyses involved a variety of health indices, of which TSH and free T4 were selected for the present study. All blood analyses were performed by the same laboratory. For the analysis of TSH, we employed the immunoradiometric assay method (Seth et al., 1984) , and for free T4 the radioimmunoassay method was used (Giles, 1982) . The immunoradiometric assay is ah ultrasensitive method for detection of very low TSH values, whereas both methods are equally sensitive within normal ranges (Giles, 1982; Seth et al., 1984) . Forty-three participants who were not assessed with regard to TSH or T4 were eliminated from the analyses. Thirty-six of these persons either refused to take part in the blood testing, or could not be assessed for health-related reasons; in the remaining seven persons the vessels were too frail to collect enough blood for the thyroid tests. In addition, subjects with a serum folic acid value below 11 nmol/liter, indicative of folate deficiency, were excluded (n = 25).
Specific cutoff values on the two critical variables, TSH and T4, were employed. These cutoff scores were chosen according to clinical recommendations in order to exclude subjects with potential thyroid-related disease. The lower limit for TSH was set at 0.4 mU/liter, and the upper limit at 5.0 mU/iiter (Griffin & Solomon, 1986) . Regarding free serum T4, the upper and lower limits were set at 12 and 25 pmol/liter, respectively (Refetoff, 1989) . Various combinations of high or low values of TSH and T4 may be indicative of different forms of thyroid dysfunction, where a correct diagnosis requires additional clinical observations and laboratory tests. As well, low levels of TSH in the presence of normal T4 values may be indicative of nonthyroidal disease (e.g., Lim, Fang, Katz, & Refetoff, 1977) . For these reasons, subjects with TSH and/or T4 values outside the specified cutoff limits were excluded (n = 57). Finally, we excluded subjects treated with thyroid hormone (n = 16). These subjects had all been previously diagnosed with hypo-or hyperactivity of the thyroid gland.
Given the relation between deficient thyroid functioning and mood symptoms (e.g., Brown, 1980; Denicoff et al., 1990) , we included an index of depressive mood symptoms in order to examine whether this variable was related to thyroid functioning. The mood variable was derived from the Comprehensive Psychopathological Rating Scale (CPRS; Asberg, Montgomery, Penis, Schalling, & Sedvall, 1978) . This scale is commonly used as a basis for diagnosing major depression according to DSM-IV criteria (e.g., Forsell, Jorm, & Winblad, 1994) . From the CPRS, four symptoms were selected that reflect mood-related disturbance (i.e., dysphoria, appetite disturbance, feelings of guilt, and suicidal thoughts). Following DSM-IV, these data were coded in terms of 0 (no symptom) or 1 (presence of symptom). The four symptoms were added to form a composite mood score with a possible range of 0-4. The final study sample consisted of 200 subjects. All participants had sufficient visual and auditory capabilities (uncorrected or corrected) to manage the sensory demands of the study. Table 1 shows demographic characteristics and mood symptoms, as well as TSH and T4 data for the study sample.
MATERIALS
Episodic memory.-The four episodic memory tests comprised free recall of 12 unrelated words presented at rapid (2 s per word) or slow (5 s per word) rates, free recall of an organizable word list comprising 12 words (presented at 5 s per word), and cued recall of the organizable word list, with taxonomic category names serving as cues. These tasks have been described in detail elsewhere (Backman & Forsell, 1994) .
In addition to the number of words recalled successfully, recall of unrelated words was separated into the relative contributions of primary memory (PM) and secondary memory (SM). This classification of recall was performed using the Tulving and Colotla (1970) lag method. The lag method is based on the relationship between serial position and output order. Because of the significant correlations between the two PM scores (r = .23, p < .01) and the two SM scores (r = .48, p < .01), composite PM and SM scores were used in subsequent analyses.
Verbal fluency.-Letter and category fluency were assessed. For letter fluency, participants generated as many words as they could that began with the letters "N" and "S" in a 60-s period, respectively. Because of the high correlation between the two letter fluency tasks (r = .78, p < .01), a composite letter fluency score was used. For category fluency, participants generated exemplars of food.
Visuospatial ability and short-term memory.-The block design test from the Wechsler Adult Intelligence ScaleRevised or WAIS-R (Wechsler, 1981) was used to assess visuospatial ability. Standard rules for administration and scoring were used. Short-term memory was indexed by the digit span test from the WAIS-R. The forward span test required participants to repeat a series of digits in the same order, whereas in the backward task they were asked to repeat the digits in reversed order.
Perceptual-motor speed.-This domain was indexed by the Trail Making Test (TMT; Salthouse & Fristoe, 1995; Reitan & Davidson, 1974) A and B time scores. The TMT was administered according to standard procedures. Time scores indicate the time needed to complete the tasks. The two time scores were significantly correlated (r = .44, p < .01), and a composite perceptual-motor speed score was used in the present analyses.
Procedure
There were two orders of task presentation, with approximately half the subjects receiving the cognitive tests in the following order: TMT A and B, digit span forward and backward, free recall of rapidly presented random words, block design, free and cued recall of organizable words, free recall of slowly presented random words, and verbal fluency. The other half of the subjects received the tasks in the reverse order. For each memory task, five different versions were prepared, counterbalanced across test order. All subjects were tested individually in one session that lasted approximately 90 min. Table 1 provides summary statistics for the cognitive tasks. Scores were normally distributed across all tasks. There were no effects involving order or version, and the data were collapsed across these variables.
RESULTS
In order to examine whether TSH and T4 were related to cognitive performance, we began by inspecting zero-order correlations. Table 2 shows the correlations among the demographic, mood-related, thyroid, and cognitive variables. Results indicated that T4 was unrelated to all cognitive variables. By contrast, TSH was significantly correlated with the episodic memory tests as well as with SM, but not with the tests assessing the remaining cognitive abilities.
In agreement with previous studies (e.g., Kabadi & Rosman, 1988) , the correlation between age and TSH was not reliable. Also, the correlation between age and T4 was nonsignificant. Further, both gender and level of education were unrelated to TSH and T4. As expected, age showed a negative association with all episodic memory variables, whereas education was positively related to these variables. Number of mood symptoms correlated significantly with both TSH and the two recall scores for organizable words. Primary memory was unrelated to all demographic variables. Finally, there was a weak, albeit statistically reliable, relationship between TSH and T4. 
Episodic Recall
To examine whether the relationship between TSH and memory was best described in linear or nonlinear terms, we performed a series of regression analyses in which the recall scores served as dependent variables. In these analyses, TSH was entered first, followed by the quadratic term, and in the last step the cubic term for TSH was entered. These analyses revealed that once the linear effect of TSH was accounted for, no significant nonlinear relationships were found (p>. 10).
Because episodic memory was related to TSH, and also to education, age, and mood scores, we utilized hierarchical multiple regressions to examine the unique relationship between TSH and episodic memory. Gender and T4 were excluded from the model because these variables were not correlated with any of the recall measures. However, although significantly correlated with free and cued recall of organizable words only, mood symptoms was included in all regressions for the sake of consistency across analyses. Concerning variable entry, we entered age and level of education as a block in the first step, mood in the second step, and in the third step TSH was entered.
The results of the regression analyses are shown in Table  3 . There was a general effect of age and education across all four recall measures. Increasing age was associated with decreasing performance on all memory tasks, and more years of education was related to higher performance. In accordance with the correlation analyses, mood was positively related to cued recall of the organizable word list only, indicating that a higher number of symptoms was associated with decreasing performance. TSH was positively related to all recall measures, although the effects were most pronounced in recall of the two random word lists.
Primary and Secondary Memory
In the analyses of PM and SM, we followed the same procedure as with the data from the four episodic tasks. Table 4 shows the results for PM and SM. For PM, no pre- dictor variable was statistically reliable. By contrast, older age, fewer years of education, and lower levels of TSH were related to poorer SM scores. Mood symptoms were unrelated to both PM and SM. For control purposes, subjects who scored 0 on PM or SM (n = 8) were eliminated and the correlations with TSH were recomputed. These analyses revealed a slightly weaker association of TSH to PM (r = -.094) and a somewhat stronger association to SM (r=.315).
DISCUSSION
The major objective of this study was to examine whether variations within normal ranges of thyroid functioning, as indexed by TSH and free T4, are related to cognitive performance in very old age. Although we were unable to document a relationship between T4 and cognitive functioning, TSH was found to be positively related to cognitive performance. Thus, our results suggest that TSH may be a more sensitive marker of cognitive functioning in old age than T4. The fact that TSH but not T4 was related to cognitive performance cannot be attributed to differences in measurement reliability. Studies have shown that the variation within a test of T4 (i.e., when two analyses are performed on the same blood sample) is almost undetectable, and between tests the variation is around 13% (Giles, 1982) . For TSH, the corresponding figures are 3% and 9%, respectively (Seth et al., 1984) . Moreover, within normal ranges, different methods used for analyzing TSH and T4 (i.e., the immunoradiometric assay and radioimmunoassay) show intercorrelations of .97 (Seth et al., 1984) . Thus, both measures exhibit relatively small and comparable variability. The finding that TSH, in contrast to T4, was related to cognitive performance may reflect the fact that TSH is the major modulator of thyroid functioning. Furthermore, as will be elaborated later, the effects observed may also be due to the relationship of TSH to other cognitively relevant biological parameters (e.g., cortisol, protein synthesis).
The size of the TSH-related effects was not invariant across tasks. Specifically, there was a relationship between TSH and episodic memory functioning, but not between TSH and verbal fluency, visuospatial ability, short-term memory, or perceptual-motor speed. It should be noted, however, that positive relationships were seen between TSH and the other cognitive variables, although none of these relationships approached conventional significance. Impor- tantly, the TSH-memory association was independent of the other individual-difference variables that showed a relationship to memory (i.e., age, education, and mood symptoms). Furthermore, TSH and depressive mood symptoms were positively correlated. Although the direction of this relation is consistent with prior research on thyroid illness (e.g., Denikoff et al., 1990) , mood symptoms may have been masking the effects of TSH in that TSH was positively related to memory performance, whereas mood symptoms were negatively correlated with memory performance. The negative effects of mood were rather small and restricted to cued recall. The important point from these results is that TSH-related variation in mood did not mediate the observed effects of TSH on episodic memory.
There was no relationship between TSH and PM in recall of random words. This lack of effect was mirrored by a lack of relationship with the digit span test. By contrast, the predictive relationship between TSH and SM was statistically significant. The finding that TSH was positively related to SM performance suggests that this biological parameter may be particularly critical to the transfer of information from temporary to permanent storage, but not to the temporary holding of information in consciousness (Craik, 1983) .
There are several potential explanations for the pattern of results that we have observed. One hypothesis is that thyroid function exerts important CNS effects through modulating catecholamine receptor sensitivity (Whybrow & Prange, 1981) . Further, TSH may exert its effect by affecting protein synthesis (Mennemeier, Garner, & Heilman, 1993) . Given that protein synthesis is an essential process for the encoding and storage of information in episodic memory (Davis & Squire, 1984) , it may be speculated that the TSH-related effects observed in this study were due to subtle alterations in brain metabolism.
Relatedly, the importance of the hippocampal formation for proficient episodic memory functioning is well established (e.g., Nyberg, Mclntosh, Houle, Nilsson, & Tulving, 1996; Squire, 1987) . The hippocampal formation is thought to be be especially critical to initial encoding and consolidation of episodic information (Alvarez & Squire, 1994; Graham & Hodges, 1997; McClelland, McNaughton, & O'Reilly, 1995) . It has been documented that low levels of TSH are associated with elevated steroid hormone levels within the hypothalamus-pituitary-adrenal axis (e.g., van Haasteren et al., 1996) . Elevated basal levels of cortisol, which is part of this system, may result in hippocampal cell loss and selective negative effects on episodic memory performance (Lupien et al., 1994) . Thus, even within normal ranges, effects of TSH on cognitive performance may be most likely to occur in tasks assessing episodic memory, because of mediation through selective effects of steroid hormones on the hippocampus. Although the effects of TSH on episodic memory performance observed in this study are in agreement with this line of argument, the present data do not permit a direct assessment of its validity. Information concerning additional variables of importance, such as cortisol, is required to provide conclusive information pertaining to this issue.
In summary, we found that level of TSH was a significant predictor of episodic memory in a community-based sample of healthy very old adults. By contrast, no TSH-related effects were seen in tasks assessing verbal fluency, visuospatial skill, primary memory, and perceptual-motor speed. The clinical implications of the finding that TSH was positively related to episodic memory among normal old adults are unclear. It is important to note that persons with hypoor hyperthyroidism were excluded from the present study. Various combinations of high or low values of TSH and T4 may be indicative of different forms of thyroid dysfunction, each corresponding to a specific diagnosis. The effects on cognitive functioning of these various diseases are different, and the clinical symptoms vary considerably. Although hypo-or hyperthyroid states require medical treatment (e.g., hormonal treatment versus radioiodine treatment or surgery), adjustment of hormonal levels is rather complicated, and may result in other medical complications. Also, treatment of a hyperthyroid state through surgery or radioiodine may result in hypothyroidism, which in turn may require hormonal treatment. Thus, the current findings should not be taken to indicate that memory improvement in old age may be accomplished by means of increasing TSH levels.
